We discovered in slices of rat visual cortex that reliable longterm potentiation (LTP) of synaptic responses in layer Ill could be elicited by theta burst stimulation delivered to a site in the middle of the cortical thickness, corresponding mainly to layer IV. This synaptic plasticity was reflected in the extracellular field potentials and intracellular EPSPs in layer Ill, but was not observed in the intracellular responses of layer V neurons, suggesting a preferential involvement of synapses on layer Ill neurons. Tetanus-induced LTP in this preparation was input specific, and was blocked by application of an NMDA receptor antagonist (but not by an antagonist of nitric oxide synthase).
In addition, LTP of layer IV-evoked responses could also be produced reliably by pairing low-frequency synaptic stimulation (-100 pulses at 1 Hz) with strong intracellular depolarization of layer Ill neurons. Thus, LTP in this circuit satisfies the definition of a "Hebbian" modification. Tetanic stimulation of the white matter, in sharp contrast, consistently failed to elicit LTP in layer Ill unless a GABA, receptor antagonist was applied to the slice. Analysis indicated that the critical difference between layer IV and white matter stimulation was not the magnitude of the responses to single stimuli delivered to the two sites, but that it might lie in the postsynaptic response during high-frequency stimulation. Consistent with this idea, "associative" LTP could be elicited from white matter when converging but independent inputs from the white matter and layer IV simultaneously received tetanic conditioning stimulation. A hypothetical model is presented to account for the differences between layer IV and white matter stimulation.
According to this "plasticity gate hypothesis," inhibitory circuitry in layer IV normally acts as a sort of band-pass filter that constrains the types of activity patterns that can gain access to the modifiable synapses in layer Ill. By stimulating in layer IV, we have bypassed this filter and therefore do not need to block GABA, receptors to achieve the threshold for LTP in layer Ill.
[Key words: synaptic plasticity, development, long-term potentiation, NMDA receptors, neocortex, learning] During the postnatal development of the visual cortex, the establishment and maintenance of binocular connections require that the patterns of activity arising at homotypic points in the two retinas be well correlated with one another (Wiesel, 1982) . This has led to the idea that synapses at the sites of binocular convergence are modified according to Hebb's rule (cf. Rauschecker and Singer, 1979; Stryker and Strickland, 1984; Bear et al., 1987; FrCgnac et al., 1988) , which states that the effectiveness of an excitatory synapse will increase if the input activity to this synapse consistently correlates with the activity of the postsynaptic neuron (Hebb, 1949) . The challenge remains to identify the mechanisms that produce Hebbian synaptic plasticity in the visual cortex. Hebbian synaptic modifications have now been demonstrated directly in slices of hippocampus. It had been known for some time that brief high-frequency electrical activation of the Schaffer collateral pathway yields a long-term potentiation (LTP) of the stimulated synapses in CAl. However, in 1986 four laboratories reported independently that LTP could also be evoked using low-frequency stimulation when it was paired with strong intracellular depolarization (Kelso et al., 1986; Malinow and Miller, 1986; Sastry et al., 1986; Wigstrom et al., 1986 ), a condition that fulfills the requirements of a Hebbian modification. The biophysical basis for this form of LTP in hippocampus has now been worked out in considerable detail. Activation of NMDA receptors by presynaptic stimulation leads to a postsynaptic CaZ+ flux when Mg'+ is displaced from the NMDA channel by strong postsynaptic depolarization (Gustafsson et al., 1987) ; an elevation of postsynaptic Ca*+ triggers the biochemical mechanisms that lead to lasting synaptic potentiation (Malenka et al., 1988) . In hippocampus, high-frequency tetanic stimulation induces LTP because it activates an NMDA conductance via a combination of temporal summation of EPSPs and fatigue of inhibition (Collingridge and Davies, 1989) .
The successful elucidation of a Hebbian mechanism in hippocampus inspired a number of laboratories to use slices of neocortex to assess whether plasticity here is governed by similar principles. The standard approach has been to stimulate corticopetal fibers in the white matter and record responses in layer III. The reason for studying responses in layer III is partly conceptual and partly methodological. The conceptual reasons are that (1) in most species with binocular vision, this is the first site of significant convergence of input from the two eyes (Hubel and Wiesel, 1962) , and (2) this is where the highest density of NMDA receptors is found in neocortex (Monaghan and Cotman, 1985) . The practical reasons are that (1) a large extracellular field potential can be recorded in layer III that corresponds to an excitatory synaptic current sink (cf. Mitzdorf, 1985) , and (2) intracellular recordings can be readily obtained due to the relatively large size and high packing density of the neurons in this layer (cf. Gabbott and Stewart, 1987) . The rationale behind stimulating the white matter is that this will activate ascending optic radiation fibers (among other things).
This approach to study LTP in neocortex has yielded mixed results, however. While LTP has been induced in layer III of mature sensory neocortex, it has generally required strong and prolonged stimulation in the presence of the GABA, receptor antagonists such as bicuculline methiodide (BMI) (for review, see Bear and Kirkwood, 1993) . One of the hazards of using BMI in the neocortical slice is that unwanted epileptiform discharges may follow electrical stimulation of the white matter (ChagnacAmitai and Connors, 1989 ). This places an upper limit on the BMI concentrations that can be used and, unfortunately, below this limit the probability of eliciting LTP can be rather low . The requisite use of GABA, receptor antagonists also complicates the interpretation of the result that the NMDA receptor antagonist 2-amino-5phosphonovaleric acid (AP5) can inhibit LTP in visual cortex (Kimura et al., 1989; Artola and Singer, 1990; Bear et al., 1992) . AP5 reduces the extent to which polysynaptic circuits are recruited by stimulation in the presence of BMI (Chagnac-Amitai and Connors, 1989; Sutor and Hablitz, 1989; Hirsch and Gilbert, 1993) . Thus, AP5 could be effective either because it directly blocks the biochemical trigger for LTP (i.e., Ca'+ entry through the NMDA receptor), or because it suppresses intracortical inputs to layer III that are necessary for induction of LTP. Indeed, direct activation of NMDA receptors by pairing low-frequency stimulation of the white matter with postsynaptic depolarization seldom has yielded LTP in the cortex in vitro (Bindman et al., 1988; Sah and Nicoll, 199 1; Komatsu and Iwakiri, 1992; FrCgnac et al., 1993) leading to the question of whether NMDA receptors provide a mechanism for Hebbian plasticity in layer III (see also Komatsu et al., 199 1) .
We have been experimenting with different approaches to increase the probability of LTP in neocortex with the long-term aim of clarifying the role of NMDA receptors in visual cortical plasticity. In 1992, it was reported that focal application of BMI facilitated induction of LTP of layer III field potentials following brief, patterned high-frequency stimulation of the white matter in slices of kitten striate cortex (Bear et al., 1992) . The present study began as an attempt to investigate the intracellular correlates of LTP in the layer III field potential using slices of rat and kitten visual cortex. In the course of this investigation, we discovered a new method for the demonstration of LTP in the neocortex that does not require the use of BMI at all. We found that by stimulating cortical layer IV instead of the white matter we could reliably evoke LTP in layer III using precisely the same type of tetanus that is effective in hippocampal field CA1 . Furthermore, LTP in this circuit is Hebbian and appears to be triggered by NMDA receptor activation. Recruitment of this circuit may be required for induction of LTP from the white matter.
Some of these data have been presented previously in brief form . buffer and gently transferred to an interface slice chamber (Medical Systems Corp., Greenvale, NY). Here, the slices were maintained in an atmosphere of humidified 95% O2 and 5% CO,, and superfused with 35°C artificial cerebrospinal fluid (ACSF) at a rate of 1 ml/min. The ACSF was saturated with 95% O2 and 5% CO,, and had the same composition as the dissection buffer except that kynurenate was omitted. Kynurenate was included in the dissection buffer to prevent any toxicity caused by excitatory amino acid release from the tissue during cutting. Slices were left undisturbed for 2 1 hr before beginning an experiment; during this equilibration period in the slice chamber, any traces of kynurenate were washed away.
Microelectrodes were filled with 1 M NaCl or 1 M NaCl with 10 mM BMI (l-2 Ma) for extracellular recording, or 3 M K-acetate (So-120 MQ) for intracellular recording. Only cells with resting membrane potentials more negative than -70 mV and input resistances greater than 20 MQ were studied. In experiments in which intracellular depolarization by current injection was attempted, the electrodes were filled with Cs-acetate to block K conductances. Synaptic responses were evoked with 0.02 msec pulses of lo-200 FA amplitude delivered using a bipolar stimulating electrode (outside diameter, 200 Km; FHC #16-60-3). In every experiment, a full input-output curve was generated. Baseline responses were obtained at 0.07-0.03 Hz using a stimulation intensity that yielded a half-maximal field potential response or an intracellular response that was two-thirds what was necessary to evoke an orthodromic action potential. Stimulation was applied either at the border of white matter and layer VI, or at a site in the middle of the cortex (600-800 pm from the pia) that corresponds mainly to cortical layer IV and upper layer V. To induce LTP, two to five episodes of theta burst stimulation (TBS) were delivered at 0.1 Hz. TBS consists of lo-13 stimulus trains delivered at 5-7 Hz; each train consists of four pulses at 100 Hz. The total number of pulses delivered during conditioning ranged from 80 to 250.
Synaptic responses were digitized at 20 kHz and stored on a computer using EXPERIMENTER'S WORKBENCH (BrainWave Systems Inc., Boulder, CO). The initial slope and amplitude of the intracellular excitatory postsynaptic potential (EPSP), and the amplitude of the field potential were extracted as measures of the magnitude of the cellular and population synaptic responses, respectively.
The only experiments used for analysis were those in which the initial baseline period showed no drift in the response magnitude. Averages were calculated as follows: (1) the response magnitude data for each experiment were expressed as percentages of the preconditioning baseline average, (2) the time scale in each experiment was converted to time from the onset of conditioning, and (3) the time-matched, normalized data were averaged across experiments and expressed as the means (*SEM). A t test was used for the statistical comparison of the average baseline response magnitude with the response magnitude measured 20 min after conditioning stimulation. P 5 0.05 was considered significant.
Results
Intracellular correlates of LTP in layer IIIjield potentials following white matter stimulation in the presence of BMI In a previous study Bear et al. (1992) used a method introduced by Steward et al. (1990) to apply BMI focally to the site of recording in layer III. This method entailed filling the extracellular recording pipette with concentrated BMI. The BMI leaking from the electrode tip reduces inhibition sufficiently at the site of recording to allow LTP of the layer III field potential following tetanic stimulation of the white matter. Using this method, Bear et al. (1992) reported that LTP occurred in kitten striate cortex in 14 of 17 attempts (82%).
The negative field potential evoked by white matter stimulation is maximal in layer III, and therefore, according to current source density theory, we can be confident that this reflects a current sink (Mitzdorf, 1985) . Furthermore, based on its time course (Bode-Greuel et al., 1987) and its sensitivity to low Ca2+ (Lee, 1982; Kimura et al., 1989; Lee et al., 199 1) and excitatory amino acid receptor antagonists (Bear et al., 1992) , it has been determined that this signal reflects the strength of excitatory
Materials and Methods
The experiments described in this article were performed on slices prepared from the visual cortex of adult pigmented rats (2 150 gm). Each animal was given an overdose of sodium pentobarbital (-75 mg/kg, i.p.) and was decapitated soon after the disappearance of any cornea1 reflexes. The brain was rapidly removed and immersed in ice-cold dissection buffer containing (in mM) NaCl, 124; KCl, 5; NaH,PO,, 1.25; MgSO,, 1; CaC12, 2; NaHCO,, 26; dextrose, 10; and kynurenate, 1. A block of visual cortex was removed and sectioned in the coronal plane into 0.4-mm-thick slices using a Microslicer (DTK 1000; Ted Pella, Inc., Redding, CA). These slices were collected in ice-cold dissection in which field potentials were recorded in layer III using a BMIfilled pipette and EPSPs were recorded simultaneously from a nearby layer III neuron. After a suitable baseline period, induction of LTP was attempted using TBS. TBS was used because of its reported success in eliciting LTP in hippocampus (Larson and Lynch, 1986) . As shown in Figure Efects of removing the deep layers of cortex on the induction of LTP Despite our success demonstrating LTP using the BMI-filled pipette, the method is of limited usefulness due to the lack of control over the amount of BMI that is applied to the tissue. Clearly, bath application of the drug is preferable in the sense that the tissue concentration can then be known; however, for reasons stated earlier, this approach is also limited because of the development of unwanted epileptic activity. In hippocampus, BMI or picrotoxin can be used in high concentrations when area CA3, which appears to be epileptogenic, is cut away (Schwartzkroin and Prince, 1978) . There is evidence suggesting that neocortical layer V similarly may be epileptogenic (Connors, 1984 deep layers (V and VI) of cortex were cut away with the aim of again trying bath application of BMI ( Fig. 2A ).
This experimental series was begun with a control experiment designed to confirm that LTP could not be induced in the absence of BMI in this reduced preparation, as has been reported for the intact slice of adult rat visual cortex (Kato et al., 199 1) . To our surprise, however, we found that TBS applied near the border of the cut, just deep to the recording site in layer III, reliably produced LTP of the layer III field potential (n = 8) without Bii4Z (Fig. 2 ). This effect could be explained by the removal of the deep layers, or it could be explained by the site of stimulation, which was now in cortical layer IV instead of at the white matter/layer VI border. To distinguish these possibilities, an additional series of experiments was performed in which layer IV was stimulated in the intact visual cortical slice. Once again, we found that TBS of layer IV reliably produced LTP in the field potential recorded in layer III (Fig. 2D ), confirming that the critical variable was the site of stimulation.
The combined results of this experiment suggest that layer IV stimulation is a particularly effective means to recruit the cortical circuits that support LTP in the superficial layers.
Intracellular analysis of LTP evoked by stimulation of layer IV
To assess the intracellular correlates of LTP in the layer III field potential, a series of experiments was performed in which simultaneous intra-and extracellular recordings were made in layer III as layer IV was stimulated (Fig. 3A) . As we had found previously using the BMI-filled pipette and white matter stimulation, LTP of the field potential after layer IV stimulation was always accompanied by LTP in the EPSP recorded in layer III
neurons. An example is shown in Figure 3 , B and C, the average of seven different experiments is shown in Figure 30 . These data indicate that the increased inward currents reflected by the C negative field potential in layer III are accounted for, at least in part, by increased excitatory synaptic currents in layer III neurons. Many deep-layer cells extend their apical dendrites into layer III, where they receive excitatory synaptic contacts, and excitatory synaptic currents in these dendrites also are likely to be reflected in the layer III field potential. To assess the extent that LTP of the layer III field potential reflects a change in the EPSPs of deep-layer cells, a series of experiments was performed in which field potentials were monitored in layer III as the activity of layer V neurons was recorded intracellularly (Fig. 3E) . The average data (n = 4) shown in Figure 3F , indicate that an increase in the somatic EPSP in layer V did not accompany the increase in the layer III field potential amplitude when layer IV is stimulated. These data do not rule out changes in other deeplayer cells (i.e., layer VI pyramidal cells), but the combined evidence does suggest that the field potential modifications after TBS of layer IV primarily reflect changes in the strength of synaptic excitation of layer III neurons.
Input specificity of LTP following layer IV stimulation One of the key properties of a Hebbian synaptic modification (and of LTP in hippocampus) is "input specificity," which is to say that only those synapses that have undergone conditioning stimulation are potentiated. Inputs onto the same postsynaptic neuron that are inactive during conditioning stimulation should fail to show LTP. This property is easily demonstrated in hippocampus, because the inputs to a given population of CA1 neurons can be easily segregated from one another. In neocortex, it is more difficult to isolate two inputs because of the extensive interconnections of cortical neurons.
We attempted to isolate separate inputs to layer III using two approaches. The first method was to make a radial cut in the slice that extended from the white matter through layer IV, and to then stimulate layer IV on either side of the cut as the layer III field potential was monitored (Fig. 4A) . Field potential responses to stimulation of the two sites showed summation that is expected from independent inputs. Using this approach, we found that TBS of layer IV on one side of the cut produced potentiation of test stimuli only on that side of the cut. Average data from four experiments are presented in Figure 4B .
The second approach was to place a second stimulating electrode lateral to the recording site in layer III (n = 4). To ensure that stimulation of this site would not activate reentrant connections from layer IV, a horizontal cut was made in the slice at the layer III/IV border as shown in Figure 4C . Again, the responses from the two sites showed summation, confirming pathway independence, and the stimulation intensities were adjusted so that they produced responses of similar size. This method similarly revealed that conditioning stimulation of layer IV potentiated the response only to test stimuli of layer IV (Fig.  40) . From the combined data, we conclude that the LTP evoked in layer III by layer IV stimulation is input specific.
Mechanisms involved in LTP induction
In hippocampus, LTP induction using TBS is prevented by application of the NMDA receptor antagonist APS (Larson and Lynch, 1988) . In visual cortex, AP5 inhibition of LTP remains controversial and appears to depend importantly on the preparation and the type of stimulation . Therefore, it was of interest to assess whether LTP in our neocortical preparation was sensitive to NMDA receptor blockade. Figure 54 illustrates the results of four experiments in which we attempted to evoke LTP with TBS of layer IV as 100 WM D,L-APS was bath applied. In none of these experiments were we able to induce LTP, however, in all cases LTP could be elicited following washout of the drug (Fig. 5B) .
There have been several recent reports that induction of LTP field potential and intracellular responses were monitored, the layer III cell was depolarized by direct current injection (0.8 nA) to a level 5-10 mV below the reversal potential for the EPSP. Then 90 stimulus pulses were delivered to layer IV at 1 Hz. Following the pairing protocol, the current injection was terminated and baseline measurements were resumed. This revealed a marked potentiation in the intracellular response, but no change in the extracellular field potential. The average of seven similar experiments is shown in Figure 6C . Depolarization alone, or 100 pulses at 1 Hz alone, never caused a lasting increase in the evoked EPSP, confirming that the LTP was a result of the pairing.
Comparison of layer IV and white matter stimulation The traditional approach to the investigation ofneocortical LTP has been to stimulate the white matter and record in layer III. Although LTP has often been difficult to demonstrate in this preparation without the use of BMI or picrotoxin to reduce used to assess input specificity. Layer IV was stimulated on either side of a radial cut that extended from the white matter through layer IV. B, Average of four experiments using the arrangement in A, showing that TBS on one side of the cut produced potentiation of test stimuli only on that side of the cut. C, Drawing of a second stimulation-recording configuration used to assess input specificity. In these cases, a horizontal input from adjacent layer III (S2) was monitored as LTP was attempted from layer IV (SI). D, Average of four experiments using the arrangement in C, showing that TBS of layer IV produced LTP only of responses to test stimuli delivered to layer IV. In all experiments designed to test for input specificity, responses from the two inputs showed summation and were matched for size.
inhibition
(for review, see Bear and Kirkwood, 1993) , this requirement reportedly varies depending on other factors such as postnatal age or the type ofconditioning stimulation (Aroniadou and Teyler, 199 1; Kato et al., 199 1) . Therefore, it was of interest to compare the effects of TBS applied to layer IV directly with the effects of white matter stimulation (in the absence of BMI). Figure 7A illustrates the average effect of TBS on the layer III field potential when layer IV was stimulated (n = 44) and when the white matter was stimulated (n = 25). The average change 20 min after TBS of the white matter was only 7 + Y/o, which is not significantly greater than baseline control (P > 0.2) and is significantly less than that observed after stimulation of layer IV (33 * 6%; P < 0.001). Another way to assess the effectiveness of TBS is to determine the probability that LTP will be induced in any given attempt. Because of the large n of our sample, we are able to estimate this by plotting histograms showing the fraction of cases that yield a change of a certain range (expressed as percentage of baseline) measured 20 min after TBS of layer IV or the white matter (Fig. 7B ). This analysis reveals that the probability of observing a response > 115% of initial baseline after white matter stimulation was only 0.2, about the same as the probability of observing a response ~85% of initial baseline. In contrast, the probability of LTP measuring > 115% of baseline in the layer IV group was almost 0.9. These analyses confirm that layer IV stimulation is advantageous for inducing LTP in layer III with TBS. According to our standard protocol, baseline responses are collected at a stimulation intensity that yields a half-maximal field potential amplitude, and all conditiomng stimulation is given at this same intensity. Not surprisingly, the half-maximal response evoked in layer III from layer IV (683 f 62 pV) is significantly greater than that evoked from the white matter (408 + 57 pV). Thus, the difference between layer IV and white matter stimulation could be explained simply by this difference in response magnitude. In Figure 7C , we examine this issue by plotting the change in response amplitude after TBS (as percentage of baseline) against the magnitude of the baseline response. It can be seen that there is no clear relationship between these parameters in either experimental group. Layer IV stimulation is more effective in eliciting LTP regardless of the magnitude of the baseline response.
The possibility remains that stimulation of layer IV may evoke a different pattern or amount of activation during high-frequency conditioning.
To address this possibility, the responses of layer III neurons were recorded intracellularly during TBS of (1) layer IV, (2) the white matter, and (3) the white matter as BMI was focally applied to layer III. In each case, a stimulation intensity was chosen that produced an EPSP to test stimulation of 0.66 x action potential threshold. Representative examples of the intracellular responses to a single 2 set episode of TBS under the different conditions are shown in Figure 8A . A consistent observation in the cases where layer IV was stimulated was the rapid development of a stable depolarization of lo-30 mV on which the individual burst responses would ride. This depolarizing shift in membrane potential during conditioning was not characteristic of white matter stimulation, unless BMI was also applied in the superficial layers. To quantify this impression, the area of the depolarization during the tetanus was measured in each case and these values were compared across groups and in relation to the development of LTP (Fig. SB) . This analysis confirmed that the two experimental groups that showed LTP after TBS were also characterized by a significantly greater response during the conditioning.
The combined data suggest that activity evoked by white matter stimulation is filtered at high frequencies by a mechanism that involves GABA, inhibition, and that this impedes the induction of LTP in layer Mechanisms involved in LTP induction. A, Effects of the NMDA receptor antagonist 2-amino-5-phosphonovaleric acid (AP5; 100 PM) on induction of LTP by TBS. In the presence of the drug, TBS failed to produce any change in the field potential response to test stimulation (AI). Following washout of the drug, however, LTP was reliably produced (42; n = 4). In Al and A2, responses were normalized with respect to the average response during the initial baseline period prior to TBS in AP5. The time that elapsed from the last data point in Al and the first data point in A2 varied, but was not greater than 30 min. B, Effects of the nitric oxide synthase inhibitor N-nitro-r.-arginine (100 ,uM). Slices were incubated continuously in the drug for >2.5 hr prior to delivering TBS, which still consistently produced LTP (n = 4).
III. Stimulation of layer IV evidently circumvents this activity filter.
Associative LTP in visual cortex
The preceding analysis suggests that layer IV stimulation can provide a level or type of activation of layer III neurons that permits induction of input-specific LTP. If this IV-III activation was provided coincident with white matter stimulation, could we then observe LTP of the response evoked from white matter? To address this question, we turned again to a preparation in which a radial cut was made in the slice to isolate two inputs, one from layer IV and the other from the white matter (Fig.  8A) . The design of the experiment was first to give TBS to the white matter alone and then, after collecting additional baseline, to give TBS simultaneously to layer IV and the white matter.
The results are illustrated in Figure 9 . As expected, white matter stimulation alone failed to elicit a lasting change in the layer III field potential. However, when layer IV and white matter tetani were paired, a potentiated response was observed in response to test stimulation of both layer IV and the white matter. These data suggest that the postsynaptic response generated by tetanic activation of the strong layer IV input is sufficient to support LTP of other inputs that are active simultaneously.
Discussion
The unexpected outcome of this study was the discovery that conditioning stimulation of layer IV would reliably produce LTP of synaptic responses in layer III without any need for antagonists of GABA, receptors. This LTP could be evoked by as few as 80 pulses delivered in a theta burst pattern; it was input specific and was blocked by antagonists of the NMDA receptor. This form of LTP was also Hebbian; potentiation was a specific consequence of input activity that coincided with postsynaptic depolarization beyond some threshold level. In all these respects, this form of LTP in visual cortex resembles what has been documented previously in field CA1 of hippocampus.
Use of rat visual cortex as a model system A central aim of our experiments was to understand the elementary mechanisms of synaptic plasticity in the neocortex and how they might account for the experience-dependent modifications of visual cortical circuitry during postnatal development. Although ideally these experiments might have been performed in kitten striate cortex, where modifications of binocular circuitry have been demonstrated in viva, we feel our use of rat visual cortex as a model system is justified. A recent side-byside comparison of synaptic plasticity evoked in slices of adult rat and kitten visual cortex showed that both LTP and longterm depression can be evoked in the two tissues using precisely the same protocols and appear to exhibit identical properties . As in rat visual cortex, LTP could not be evoked in kitten striate cortex from white matter using TBS (without GABA, receptor antagonists), but it could be elicited reliably from layer IV. Obviously rat and kitten striate cortex are not the same, but at this level of analysis they exhibit similar, if not identical, forms of synaptic plasticity in the superficial layers. Indeed, since rat and cat are phylogenetically quite distant, it is possible that the elementary forms ofsynaptic plasticity described here apply universally to the superficial layers of sensory cortex in all mammals.
Field potentials versus intracellular recordings
In this study we have directly compared the plasticity ofsynaptic responses in layer III as measured using extracellular field potentials and intracellular EPSPs. Regardless of whether LTP is evoked by TBS of the white matter in the presence of BMI or by TBS oflayer IV without BMI, potentiation ofthe intracellular EPSP in layer III is always accompanied by an increase in the amplitude of the extracellular field potential. This perhaps is not surprising since current source density analyses and pharmacological studies had previously shown this field potential to reflect directly the amplitude of a synaptic current sink in layer III (Lee, 1982; Mitzdorf, 1985; Bode-Greuel et al., 1987; Kimura et al., 1989; Lee et al., 199 1; Bear et al., 1992) . Indeed, direct comparisons showed that the peak of the field potential coincided with the maximum rate of rise of the simultaneously recorded EPSPs in layer III, supporting the idea that the amplitude of this peak reflects a "population" excitatory synaptic current in layer III. Our results therefore provide further justification for the use of field potential recordings for the investigation of synaptic plasticity in layer III. This type of "population" recording provides an essential control for the interpretation of experiments in which intracellular manipulations of plasticity in individual cortical cells are attempted. A, Representative responses during TBS delivered under the indicated conditions. In each case, the stimulation amplitude was adjusted to yield an intracellular response to a single pulse that was two-thirds the action potential threshold. In the case of layer IV stimulation, there was marked summation of the four EPSPs within each burst, and a longer-lasting depolarizing potential that bridged the interval between bursts. B, Magnitude of the change in EPSP amplitude 20 min after TBS plotted as a function of the area of the depolarization (mV,sec; mean f SEM) during the TBS. Open circle, white matter stimulation (n = 9); solid circle, layer IV stimulation (n = 6); open square, white matter stimulation with BMI applied topically to the superficial layers (n = 6).
not result from depolarization alone. Thus, this LTP fulfills the requirements of a "Hebbian" modification, in which a lasting synaptic enhancement is the specific consequence of pre-and postsynaptic coactivation. It appears very likely that this mechanism involves the activation of NMDA receptors on layer III neurons. There is evidence suggesting that LTP in layer III neurons requires an elevation of intracellular calcium (Yoshimura et al., 199 l) , just as it does in hippocampal field CA1 (Malenka et al., 1988) . Pairing presynaptic stimulation with continuous depolarization is a particularly effective means to activate CaZ+ entry through NMDA receptor channels (Mayer and Westbrook, 1987; Malenka et al., 1988) whereas there is ample evidence that voltagegated calcium channels show substantial voltage-and Ca2+-dependent inactivation under these conditions (Eckert and Chad, 1984) . The fact that AP5 blocks induction of tetanus-induced LTP in layer III further supports the notion that NMDA receptor activation serves as a trigger for Hebbian plasticity in this location.
The assertion that NMDA receptor activation triggers LTP does not deny the existence of other factors that additionally may be necessary. For example, in CA1 there is evidence suggesting that metabotropic glutamate receptor activation and the subsequent release of intracellular Ca"+ may be a corequisite for LTP induction by NMDA receptor activation (Harvey and Collingridge, 1992) . Given the apparent similarity of the Hebbian synaptic plasticity we describe here for visual cortex with that shown previously in CAl, it will now be of interest to examine in neocortex the entire catalog of possible intracellular biochemical mechanisms that have been invoked to account for CA 1 potentiation.
Comparison with hippocampal LTP We have already commented here and elsewhere on the similarities of LTP evoked in layer III by stimulation of layer IV with that evoked in CA1 by stimulation of the Schaffer collaterals. Both forms of LTP can be induced by a brief episode of TBS, both are input specific, both can be blocked by antagonists of NMDA receptors, and both can be induced simply by pairing low-frequency input activity with strong postsynaptic depolarization. However, one clear difference concerns the early time course of the potentiation. In CA 1, synaptic potentiation is maximal just a few seconds after the TBS and then decays to a stable value over a period of about 30 min. This decaying form of potentiation, called short-term potentiation (STP), is triggered by NMDA receptor activation and Ca*+ entry but may be mechanistically distinct from LTP (Anwyl et al., 1989; Kauer et al., 1989; Malinow et al., 1989; Malenka, 1991; Schuman and Madison, 1991) . The data presented here, however, are consistent with previous observations (Berry et al., 1989; Kimura et al., 1989; Artola and Singer, 1990; Bear et al., 1992 ) that STP does not occur in visual cortical layer III. In general, synaptic responses grow to a stable value over a time period of several minutes following conditioning stimulation in visual cortex. Neocortex therefore may prove to be advantageous for the investigation of LTP expression and maintenance. In CA 1, by comparison, the mechanisms underlying STP and LTP overlap and may be easily confused (Stevens, 1993) .
Another difference between induction of neocortical and CA 1 LTP might be a requirement for nitric oxide synthesis. Several groups have now reported that incubation of slices with competitive antagonists of nitric oxide synthase will block induction of LTP, but not of STP, in CA1 (Bohme et al., 199 1; O'Dell et al., 199 1; Schuman and Madison, 1991) . Using precisely the same incubation procedures as Schuman and Madison (199 l) , we were unable to detect any effect of N-nitro-L-arginine on LTP in visual cortex. However, since we have no independent confirmation that nitric oxide synthase was inhibited in our experiments, these data alone are not sufficient to reject the hypothesis that nitric oxide synthesis plays some role in neocortical LTP. On the other hand, we note that recent work has questioned the contribution of nitric oxide to LTP in CA1 when slices are maintained at temperatures of > 24°C (Li et al., 1992) . All our studies were carried out at 35°C.
Comparison of plasticity evoked from layer IV and the white matter It seems reasonable to assume that stimulation in the middle of the cortical thickness at the site we have referred to as "layer IV" activated direct projections of layer IV cells to layer III, and ascending intracortical and corticocortical axons that pass through layer IV en route to layer III. It is also possible that stimulation of layer IV activated recurrent collaterals of some layer III neurons, although intracellular recordings from layer III cells only rarely revealed antidromic action potentials at the tally to that shown in B.
stimulation intensities used to study synaptic responses. In any LTP in this pathway. This has been attempted in slices of sencase, it is clear that electrical stimulation in layer IV potentially sory cortex in several labs (Bindman et al., 1988 ; Fregnac et al., can recruit a complex cortical circuit. However, the same can 1993), including our own (Kirkwood and Bear, unpublished be said of stimulation in deep layer VI, particularly if one takes observations), and generally has been unsuccessful. Thus, layer into consideration the antidromic activation of cells with axons IV inputs to layer III may contribute factors in addition to descending into the white matter. In fact, preliminary current depolarization that are required for induction of LTP. source density analysis after single-shock stimulation of layer IV reveals the spatiotemporal pattern of synaptic current sinks
The plasticity gate hypothesis to be surprisingly similar to that evoked from the white matter
The major target of the thalamocortical projection is layer IV, (C. D. Aizenman, A. Kirkwood, and M. F. Bear, unpublished and the major target of layer IV neurons is layer III (cf. Muly observations). So the question arises of why plasticity can be and Fitzpatrick, 1992). Regardless of the precise mechanisms evoked so much more readily from layer IV than from the white involved, the preceding discussion suggests that layer IV actimatter.
vation is required for LTP in layer III following corticopetal We have shown that the critical difference is not the magnistimulation. This raises the possibility that sensory experience tude of the responses to single stimuli delivered to the two sites, causes synaptic plasticity of connections in layer III only under but that it might lie in the postsynaptic response during highconditions in which layer IV neurons themselves become acfrequency stimulation. The different responses to tetanic stimtivated sufficiently. Thus, layer IV might act as a "gate" for ulation could be accounted for by a simple model in which we experience-dependent synaptic plasticity in layer III (Fig. 10) . assume that layer III neurons are synaptically activated from When the gate is open, activity in the optic radiation is faithfully the white matter along two paths, one monosynaptic and the relayed by layer IV neurons to layer III, where it can trigger other disynaptic via a relay in layer IV. According to this model, synaptic enhancement. When the gate is closed, patterned hightransmission through the polysynaptic pathway fails at high frequency activity in the optic radiations fails to recruit the frequencies and the remaining monosynaptic input is unable to required activity in layer IV and no modification of synapses activate postsynaptic NMDA receptors sufficiently to trigger occurs in layer III. LTP. Stimulation in layer IV, however, allows high-frequency This hypothesis suggests a new interpretation for why GABA, monosynaptic activation of layer III neurons via both paths, receptor antagonists enable LTP to be evoked from the white and this is sufficient to cause LTP of the stimulated synapses. matter. Blockade of inhibition might open the plasticity gate by Such a model is consistent with our observation that tetanic allowing layer IV neurons to follow afferent stimulation at high stimulation of the white matter can evoke LTP when it is defrequencies (assuming that BMI applied focally to layer III livered concurrently with a tetanus applied to layer IV. Howspreads to underlying layer IV). According to this idea, inhibever, if the critical element missing from white matter stimuitory circuitry in layer IV normally acts as a sort of band-pass lation were simply depolarization during conditioning, protocols filter that constrains the types of activity patterns that can gain that pair low-frequency synaptic activation with intracellular access to the modifiable synapses in layer III. By stimulating in depolarization of layer III cells should be sufficient to induce layer IV, we have bypassed this filter and therefore do not need Plasticity Gate Hypothesis Figure 10 . The plasticity gate hypothesis. According to this simple model, layer III neurons receive direct inputs from fibers originating in the white matter, and indirect input via a relay with excitatory neurons in layer IV. Stimulation of the white matter at high frequencies causes a failure of the polysynaptic activity relayed through layer IV, partly as a consequence of the actions of inhibitory circuits in this layer. Without recruitment of layer IV inputs to layer III, no LTP can be elicited from the white matter (Gate Closed). However, under conditions in which inhibition is blocked, the layer IV cells are able to follow afferent stimulation at high frequencies, permitting induction of LTP (Gate Open). By stimulating in layer IV, we have bypassed this gating mechanism altogether, and do not need to block GABA receptors to achieve the threshold for LTP. Open circles represent excitatory neurons and solid circles represent inhibitory neurons. For simplicity, only feedback inhibition in layer IV is represented.
to block GABA, receptors to achieve the threshold for LTP in layer III. This concept of a "plasticity gate" controlled by inhibition in layer IV could, in principle, account for aspects of naturally occurring synaptic plasticity in the visual cortex during postnatal development. According to this idea, in early postnatal periods when the inhibitory circuits in visual cortex are not yet fully formed (BHhr and Wolff, 1985; Miller, 1986; Luhmann and Prince, 199 l) , the gate is open for plasticity to be evoked by simple patterns of retinal activity, even spontaneous discharges. However, maturation of inhibition in layer IV during development places increasing constraints on the types of retinal activity that can trigger plasticity in the superficial layers and this, in a sense, closes the gate. Such a layer IV plasticity gate could also be a site of action for various neuromodulators, such as ACh and norepinephrine, that are believed to facilitate synaptic plasticity in visual cortex ofkittens (Bear and Singer, 1986; Gordon et al., 1990) . According to this view, the end of the "critical period" for experience-dependent synaptic plasticity in the superficial layers of visual cortex may be determined less by changes in the elementary mechanisms of synaptic plasticity than by the maturation of intracortical circuits that function to limit the activity patterns that can gain access to the modifiable synapses in layer III. This is not the first suggestion that the late maturation of inhibition could be responsible for a reduction of synaptic plasticity in the visual cortex (Komatsu, 1983) . Indeed, the specific proposal was made that the development of inhibitory synapses on layer III neurons reduced plasticity by shunting excitatory postsynaptic currents, thus making it less likely that NMDA receptors would be recruited by stimulation (Artola and Singer, 1987; Kato et al., 199 1) . However, in contrast to these previous "membrane" models, which assumed that inhibition modulates synaptic plasticity at the level of the membrane conductance of layer III dendrites, ours is more of a "network" model in which it is assumed that inhibition modulates synaptic plasticity by filtering the patterns and amounts of afferent activity that reach the modifiable synapses in layer III. It will be of considerable interest to test experimentally the predictions of these two models.
